Organic/inorganic matrix nanocomposites have been created using an acid catalyzed, tetraethyl orthosilicate-based sol-gel technique with single-walled carbon nanotubes (SWNTs). By utilizing nanotubes functionalized with the dendron methyl 3,5-di(methyltrigycoloxy)benzylic alcohol (I PEG ), ultrasonic blending in the sol phase prior to gelation yields excellent dispersion characteristics of the nanotube phase. The glasses were densified by heating to 600°C yielding 80% of theoretical density with little change in the optical appearance or behavior. These materials exhibited intrinsic Rayleigh scattering, suggesting near ideal dispersion. Nonlinear optical transmission was observed for 1064 and 532 nm light suggesting that the matrix has a strong broad band coupling to the optical field. Such composites allow for a host of applications based on the novel confinement properties of carbon nanotubes in a robust inorganic host.
Introduction
Modification of optical properties in glasses through the introduction of nanosized materials holds much promise in a number of photonic applications Information Sciences 149 (2003) [69] [70] [71] [72] [73] www.elsevier.com/locate/ins including nonlinear optics, optical switching, optical protection, spatial, and temporal filtering applications. Clearly, low dimensional metals and semiconductors offer unique optical properties when compared to bulk due to their localized band structure. Towards this end, single-walled carbon nanotubes (SWNTs) are receiving ever-increasing attention. Unfortunately, the realization of many desired optical effects relies on the character of the dispersion of the nanotubes, which has traditionally been quite poor. This is because aggregation within the matrix leads to significant Rayleigh scattering masking any unique optical property brought to the composite by the individual nanotubes.
In this work we describe preliminary efforts in using chemically functionalized SWNTs to permit their dispersion into an aqueous solution that then undergoes a hydrolysis and condensation reaction into a viscoelastic inorganic gel. Heat treatments then sinter this gel into a robust monolithic solid. Optical scattering and electron microscopy indicate that the nanotubes within the host glass with little signs of nanotube agglomeration. Further, nonlinear optical transmissivity is found at both 532 and 1064 nm. This NLO response is observed for quite low loadings and is suggestive of the unique properties exhibited by the nanocomposites as they are only present in the glasses containing the carbon nanotubes.
Experimental procedure
SWNTs were produced by an arc discharge apparatus (Kr€ a atchmer generator) using Ni-Y catalysts (yielding a diameter distribution of approximately 1.4-2.0 nm at lengths of approximately 1 micron). Purification via refluxing in aqueous HNO 3 solution, as has reported in the literature was then used to remove the catalysts, leaving the nanotubes shorten to approximately 300-500 nm [1] . Following acid treatment the nanotubes were repeatedly washed with water until neutral in pH and then dried. Purified samples were characterized by Raman spectroscopy, transmission electron microscopy (TEM), and scanning electron microscopy (SEM).
The full chemical route to functionalization is described in more detail elsewhere. 1 However, in general, the dendron methyl 3,5-di(methyltriglycoloxy)benzylic alcohol (I PEG ) was prepared first by mixing methyl 3,5-dihydroxybenzoate, triphenyl phosphine, and triethylene glycol monomethyl ether in anhydrous tetrahydrofurane, THF. Diethyl azodicarboxylate was added and the yellowish solution was stirred for 24 h. After concentration and filtration, followed by silica gel column chromatography, the compound methyl 3,5-di(methyltriglycoloxy)benzoate was obtained and then chemically reduced using LiAlH 4 to yield I PEG (95% yield).
The nanotubes were then functionalized by first treating in concentrated HCl solution to recover fully the carboxylic acid groups on the nanotube surface. After refluxing in thionyl chloride for 24 h, the thionyl chloride-treated SWNT sample was added to a solution of I PEG in anhydrous THF mixed with NaH. The reaction mixture was vigorously stirred under nitrogen for 24 h, followed by repeated extraction with chloroform. The dark colored chloroform solution was briefly washed with water, followed by the solvent removal on a rotary evaporator to yield I PEG -SWNT as a black solid. It was redissolved in deionized water for further purification via dialysis for 5 days.
The SWNTs were dispersed into an aqueous solution that then undergoes a hydrolysis and condensation reaction yielding a viscoelastic inorganic gel. Heat treatments then sinter this gel into a robust monolithic solid.
The composites were irradiated by a Nd:YAG laser (532/1064 nm) with a pulse width of 7-9 ns. Due to the composite thickness (3-5 mm) a focusing geometry of f/65 was used to maintain a constant irradiance through the samples. The radiant energy density was varied with a k=2 waveplate-polarizer setup and the input energy was monitored with a reference detector arm identical to the sample arm. With this setup, energy densities are easily varied over several orders of magnitude.
In Fig. 1 , a photograph of a 5 mm Â 5 mm Â 1 cm monolith is shown that possesses a nanotube loading of 0.25% by weight. Samples were prepared over the wide range from 0.1% to 1.0% SWNTs-to-SiO 2 by weight. Notice the clarity of the glasses. While it is reasonable to assume that a supersaturation phase exists in the initial solutions, clearly it is not reached at these loading levels. The glasses exhibit a distinct reddish color and we note that some color variations can be seen near the edges of the monoliths though these are exceedingly small. Further, the clarity of these materials is quite stable in air suggesting that the nanotube additions have little influence on thermomechanical behavior of the dense matrix Fig. 2 shows the onset of nonlinear transmission from the nanotube/glass composite. The onset of nonlinearity is quite low for the materials are compared with other optical limiters [2] . Here is found an onset for limiting around 0:25 J=cm 2 for the 0.5% loaded glasses. Further. At these intensities, no optical damage was found either by observation under a microscope or from reproduction of the experiments. The origin of the limiting phenomena is still under investigation but is known to be quite different from that of carbon black and bucky-balls [3] . Efforts continue into elucidating the exact limiting behavior of the nanotubes in the glass as well as the influence on performance of the tube length and composition (by means of impurity doping), for example. It is clear, however, that the incorporation of carbon nanotubes into a glass generate nonlinear optical phenomena that are not present in the undoped cases.
In summary, we have demonstrated the exciting new possibility of nanotube-glass nanocomposites for nonlinear optical materials. Excellent dispersion of the nanotubes has been achieved using unique functionalization chemistry with the carbon nanotubes. This opens many avenues of nonlinear optical applications of nanomaterials contained within a robust host matrix.
